Diatoms are unicellular algae present almost wherever there is water. Diatom identification has many applications in different fields of study, such as ecology, forensic science, etc. In environmental studies algae can be used as a natural water quality indicator. The diatom life cycle consists of the set of stages that pass through the successive generations of each species from the initial to the senescent cells. Life cycle modeling is a complex process since in general the distribution of the parameter vectors that represent the variations that occur in this process is non-linear and of high dimensionality. In this paper we propose to characterize the diatom life cycle by the main features that change during the algae life cycle, mainly the contour shape and the texture.
INTRODUCTION

22
Diatoms or Bacillariophyceae are a group of unicellular algae distributed in a great variety of 23 aquatic environments around the world. It has been estimated that there are more than 200,000 24 different species (Mann and Droop, 1996) , each of them adapted to certain autoecological ranges.
25
Such number was ellucidated taking into account three factors: the number of species already 26 described (around 10.000), the use of a coarse-grained taxonomic approach and the number of 27 understudied habitats. Other authors provide a more conservative number of 20.000 species 28 (Guiry, 2012) . Therefore, a clear relationship can be established between the composition of the 29 diatom community and the physicochemical parameters of the environment in which they are 30 developed. In environmental studies, algae can be used as a natural water quality indicator. Since part. The auxospores form a new full size algae that will start the process again.
47
Traditionally, diatom identification has been made by expert biologists. They usually use 48 morphometric measures, such as length and width, and other frustule characteristics, like striae 49 density, and they make the identification comparing specimens with previously described diatom 50 in the literature (Blanco et al., 2017 ). This task is challenging due to a huge number of diatom 51 species, similarities between species and life cycle related changes in shape and texture. Other One key reason is due to the difficulty of capturing a sufficient number of specimens of each 71 species in each of the stages of its life cycle. In this work, we model the algae contour using the 72 Elliptical Fourier Descriptors (EFD) (Kuhl and Giardina, 1982 shown a high degree of discriminability in diatom classification (Bueno et al., 2017) . 
MATERIALS AND METHODS
82
In this paper we propose a new combination of image features that allow us to automatically 83 distinguish between different diatom. As Fig. 1 shows, we first segment and obtain the contour.
84
After that, different features that characterize the contour and the texture are extracted followed 85 by a reduction of dimensionality of the feature vector. The last step implements both supervised 86 and non-supervised multivariate techniques to categorize the different taxa.
87
Database
88
Sample images corresponding to the AQUALITAS project in Table 1 were captured using a low Table 1, 2   94 and 3 have been provided by the authors.
95
Images from Table 1 form the dataset used in this paper for a total of 703 images of eight Manuscript to be reviewed We obtain EFD of the contour using the method described by (Kuhl and Giardina, 1982 ). An implementation of EFD is available in (BielStela, 2017) . Taking a contour image as the starting point, we calculate the Freeman chain code. Then being a i the ith element in the Freeman chain code we obtain:
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∆x i and ∆y i are the changes in the x, y projections of the chain code. ∆t i is the modulus of 121 the segment between two points i and i + 1. View Fig. 4 for more information. code. a n , b n , c n , d n represent the n harmonic Fourier coefficients and T the perimeter.
Finally, it was empirically found that the first 30 coefficients provide an accurate approximation 125 to the contour. Manuscript to be reviewed
The amplitude of the nth harmonic can be calculated as: Figure 5 shows an example of the reconstruction of a contour using EFD when a different 127 number of coefficients are used.
128
Figure 5. Example of EFD contour reconstruction with different order descriptors (a)-(i), where
n represents the number of harmonics used. Generated using the code available in (BielStela, 2017).
Phase congruency descriptors
129
The method of phase congruency (PC) is based on the concept that all Fourier components are in The phase congruency is obtained according to the following expression:
where θ indicates the orientation, A nθ (x) and φ nθ (x) the amplitude and phase angle respectively 151 used with the frequency component n, orientation θ and location x. φ θ is the amplitude of the average phase angle in the orientation θ , w θ a frequency parameter in the orientation θ and ε a 153 constant to prevent division by zero. T θ is the noise estimated in the orientation θ that must be 154 suppressed.
155
Maximum and minimum momentum images are calculated as in equations 11 and 12 as a function of the PC.
where a, b, c are:
where PC θ (x) is the phase congruency value at orientation θ : Figure 6 shows an example of a diatom and its corresponding m and M images. 
Gabor filters 158
Gabor based descriptors are calculated by the same method as in (Bueno et al., 2017) and originally described in (Fischer et al., 2007) . The implementation can be found in (Cristobal et al., 2016 ). First we calculate the log-Gabor filters as Gaussians shifted from the origin at different scales, s, and orientations, t, and they are applied to the input images. The formulation of the log-Gabor filters is:
Manuscript to be reviewed where (ρ, θ ) are the log-polar coordinates, the number of scales is S = 4 and the number of orientations is O = 6. Thus, s ∈ {1, · · · , S} and t ∈ {1, · · · , O} indexes the scale and the orientation 160 of the filter, respectively. And (ρ s , θ (s,t) ) are the coordinates of the center of the filter; (σ ρ , σ θ )
161
are the angular and radial bandwidths in ρ and θ (see (Fischer et al., 2007) ) for more details.
162
Then first and second order statistics are acquired for every sub-band. Gabor feature reduction 163 was obtained using correlation for removing redundant information. With this reduction procedure 164 we finally obtain a 177 Gabor feature vector from the original 1460 one. Figure 7 shows an 165 example of log-Gabor filtering (four bands. G1, G2, G3 and G4) applied to a diatom example. As a result of applying all the feature extraction algorithms, a 211 dimensions feature vector was 172 generated. It has been shown in Fig. 8 that there are more discriminative features than other.
173
With that in mind, we can reduce the complexity of the feature vector and concentrate the 174 discriminative power of all the features in an lower dimensionsionality space. In order to reduce 175 the complexity of the vector for the subsequent classification we need to perform a dimensionality 176 reduction. Linear Discriminant Analysis (LDA) or Fischer Discriminant Analysis is a supervised 177 method for dimensionality reduction described in (Fisher, 1936) although it also has been used 178 as a classifier. Originally it was described for a 2-class problem and it was later generalized as K which is usually determined empirically.
212
• SVM: refers to Support Vector Machine. It was first proposed by (Vapnik, 1999 was identified with the number of classes.
223
• K-means: K-means algorithm (Lloyd, 1982) separates all the data into K clusters where 224 the distance between the data and the cluster centroid (mean of all the data in the cluster)
225
is minimized. The centroids are initialized at random points and they are updated after a 226 feature is assigned to a cluster. As a result of the algorithm, the data space is partitioned and values close to 1 indicate significant agreement.
255
• Homogeneity: It measures if a cluster consists only of member of the same class or not.
256
• Completeness: It measures if all the members of a class are assigned to the same cluster.
257
RESULTS
258
The results section is divided into a few experiments to validate the proposed set of features as a The complete workflow proposed in this work (Fig. 1) was tested using the dataset shown in 267   Table 1 . The dataset analyzed in this experiment and described in Table 1 the specimens except only one that was missclassified as is shown in Fig. 9 (a) . This figure   273 represents a confusion matrix, i.e., the elements located along the main diagonal represent correct 274 classifications while those who fall outside represent errors. On the one hand, from the confusion 275 matrix it can be concluded that supervised methods achieve a 99.9% accuracy in identification. 
280
In a previous study focused on diatom curvature analysis, (Wishkerman and Hamilton, 2017)
281
showed that LDA performed better that PCA in separating taxa. However, they recommend to provided by all methods, it can be concluded that separation and compactness is not optimal 301 but it is enough to discriminate between the different classes.
302
Experiment 2
303
In the previous experiment all the diatoms in the dataset were from a different genera, therefore 304 there were lot of dissimilarities between them (Fig. 2) . When studying diatoms from the same 305 genera but different species the similarities between specimens increase. In this experiment the 306 dataset is formed by 479 images of six different species of Sellaphora (Table 2 ). In (Mann et al., grouping of the samples than in Fig. 12 (a) . With this dataset a classification rate of 99% is obtained. In (Mann et al., 2004 ) classification rates were not provided. 70% when classifying six different species of the Gomphonema genera (see Table 3 proves that the combination of chosen features and classification methods achieve high accuracy 340 levels and outperform methods based on morphometric measurements.
341
There exists very few datasets publicity available that explicitly include diatom's life cycle. derived from the life cycle in the training set for improving the identification accuracy which is a 412 consequence of the diversity that one sees in natural habitats.
413
does morphometry suffice? PeerJ, 5:e4159.
